Glyceraldehyde 3-phosphate dehydrogenase-S (GAPDHS) and phosphoglycerate kinase 2 (PGK2), two isozymes restricted to the male germline, catalyze successive steps in the glycolytic pathway in mammalian sperm. Although gene targeting of each isozyme demonstrated that glycolysis is required for normal sperm motility and male fertility, the phenotype of mice lacking GAPDHS is more severe than that of mice lacking PGK2. This study examined sperm function, signaling pathways, and metabolism to investigate factors that contribute to the phenotypic differences between these knockout models. Sperm from the two knockouts exhibited comparable deficits in zona binding, in vitro fertilization with or without zona drilling, and capacitation-dependent tyrosine phosphorylation. In contrast, signaling and metabolic differences were apparent prior to capacitation. Phosphorylation of sperm protein phosphatase 1, which has been associated with the acquisition of motile capacity during epididymal maturation, was deficient only in GAPDHSnull sperm. Carnitine, choline, phosphocholine, and taurine were elevated in sperm from both knockouts immediately after collection from the epididymis. However, only carnitine levels in PGK2-null sperm were significantly different from wild-type sperm, while all four metabolites were significantly higher in GAPDHS-null sperm. We confirmed that glycolysis is required for robust hyperactivation, but found that the motility of PGK2-null sperm improved to levels comparable to wild-type sperm with pyruvate as the sole metabolic substrate. This nonglycolysable substrate did 586 C The Authors 2017. Published by Oxford University Press on behalf of Society for the Study of Reproduction. All rights reserved.
Introduction
Metabolism is compartmentalized in mammalian sperm, with mitochondrial oxidative phosphorylation in the middle piece and glycolysis restricted to the principal piece of the sperm flagellum [1, 2] . Both of these metabolic pathways are specialized, with sperm isozymes that have unique structural and functional properties [1, 2] . Although the relative contributions of glycolysis and oxidative phosphorylation to sperm ATP levels vary between species [3] [4] [5] , both mouse and human sperm require glycolysis for normal fertilization [6] [7] [8] [9] . Nearly every step in the sperm glycolytic pathway is catalyzed by male germline-specific isozymes arising from distinct genes or alternatively spliced transcripts [10] [11] [12] [13] [14] [15] [16] [17] [18] . Multiple sperm glycolytic isozymes are tightly bound to the fibrous sheath, a cytoskeletal structure that defines the length of the principal piece [19] . Components of multiple signaling pathways that regulate sperm motility are also bound to the fibrous sheath [1, 20] . Mechanistic links between these signaling pathways and metabolism have not been elucidated, even though it is clear that ATP requirements increase dramatically when motility is activated [2, 21] .
Sperm appear structurally mature, but are incapable of fertilization when spermatogenesis is completed. During transit through the epididymis, sperm undergo biochemical and functional changes including acquisition of the capacity for progressive motility [22, 23] . Final maturation occurs in the female reproductive tract where sperm undergo capacitation, preparing them to initiate the acrosome reaction and hyperactivated motility [24, 25] . The processes of capacitation are correlated with the phosphorylation of sperm proteins, involving the sequential activation of cyclic AMP (cAMP)-dependent protein kinase A and tyrosine kinase FER [26] [27] [28] , as well as inhibition of serine/threonine phosphatase activity [29] . In vitro studies report that glycolysis is required for hyperactivated motility [6] [7] [8] [9] and for tyrosine phosphorylation [30, 31] , which is localized predominantly in the sperm tail [32, 33] .
Multiple glycolytic isozymes restricted to the male germline have been deleted by gene targeting, each producing knockout models with defects in sperm motility and male fertility [34] [35] [36] [37] . Two of these knockouts disrupted glyceraldehyde 3-phosphate dehydrogenase-S (GAPDHS) and phosphoglycerate kinase 2 (PGK2), sequential enzymes in the pathway [34, 35] . GAPDHS occurs between the ATP-consuming and ATP-generating segments of glycolysis, and PGK2 catalyzes the first reaction that produces ATP. Either knockout should eliminate glycolytic ATP production, blocking capacitation-dependent processes that depend on glycolysis. However, sperm ATP and motility deficits are more pronounced than expected and the phenotypes of these two knockout models are not identical [34, 35] . Gapdhs −/− males are infertile, while Pgk2 −/− males sire occasional pups. Sperm lacking PGK2 exhibit some progressive movement that is rarely seen in sperm lacking GAPDHS. While the deletion of Gapdhs results in a subtle structural defect in the sperm fibrous sheath [35] , phenotypic differences in sperm ATP levels immediately after isolation suggest that alternative metabolic pathways may contribute to improved sperm function in Pgk2 −/− mice [34] .
To enhance our understanding of differences in male reproductive function in Gapdhs −/− and Pgk2 −/− mice, we conducted in vitro analyses of multiple steps in the fertilization cascade and assessed aspects of sperm signaling and metabolism in both knockouts. Compared to sperm lacking GAPDHS, sperm lacking PGK2 exhibited multiple characteristics that were closer to those of wild-type sperm, providing mechanistic insights on the regulation of motility and male fertility. 
Materials and methods

Animals
Gapdhs
Sperm isolation and in vitro capacitation
Sperm were isolated from the cauda epididymides of sexually mature (>8 weeks) mice in HEPES-buffered media, either M2 (Specialty Media) or modified HTF (mHTF, Irvine Scientific), containing 4 mg/ml BSA (embryo culture grade, Sigma-Aldrich). Four to six cuts were made in each cauda with iris scissors, and sperm were released into the medium by incubating for 10-15 min at 37
• C under 5% CO 2 and air. The tissue was removed and a portion of the sperm suspension was used for time 0 measurements. Aliquots of the remaining suspension were diluted into bicarbonate-buffered capacitation medium, either M16 (Specialty Media) or HTF (Irvine Scientific), with 4 mg/ml BSA and incubated at 37
• C under 5% CO 2 and air for 2 h. To study the impact of stimulating capacitation signaling pathways on tyrosine phosphorylation, 100 μM of the cAMP analog dibutyryl-cAMP (dbcAMP, Biomol) and 100 μM of the phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine (IBMX, Sigma Aldrich) were added at the start of the incubation and sperm were harvested after 45 min.
Zona binding assay
Superovulation of CD-1 females (3-6 weeks old) was induced by intraperitoneal injection of 5 IU of pregnant mare serum gonadotropin (Calbiochem) followed by 5 IU of human chorionic gonadotropin (hCG, Sigma-Aldrich) 48 h later. Cumulus-oocyte complexes were recovered in mHTF 13 h after hCG administration, and cumulus cells were removed by treating with hyaluronidase (Sigma-Aldrich) at a final concentration of 300 μg/ml. Cumulus-free oocytes were then transferred to 100 μl drops of capacitation medium under oil. Caudal sperm were added to the drops at the final concentration of 5 × 10 5 /ml after being capacitated of 60 min. Gametes were mixed and incubated for an additional 30 min at 37
• C under 5% CO 2 and air. After extensive washing through several drops of medium, the number of sperm bound/oocyte was counted.
Assay of the acrosome reaction
After in vitro capacitation for 60 min, sperm were incubated in the same medium for an additional 30-60 min in the presence of 20 μM A23187 calcium ionophore (Sigma-Aldrich) or heat-solubilized zonae pellucidae (3-4 zona/equivalents/μl) [38] to induce the acrosome reaction. Ionophore control samples were treated with the DMSO solvent alone. Sperm were fixed and stained with Coomassie Blue G-250 as described previously [39] . At least 180 cells were counted/sample, scoring the presence or absence of dark blue staining in the acrosomal crescent on the anterior aspect of the sperm head. Percentages of acrosome reactions induced with A23187 are reported after subtracting background levels observed in the DMSO controls.
In vitro fertilization
Superovulation of 3-week-old CD-1 females and isolation of cumulus-oocyte complexes were performed as described for the zona binding assay. In each experiment, some cumulus-oocyte complexes were treated with 300 μg/ml hyaluronidase and zona drilling was performed with an XYclone laser ablator (Hamilton Thorne Biosciences), removing a small part of the zona pellucida from two to three sites on each cumulus-free oocyte. Caudal sperm were isolated from one knockout and one wild-type male for each experiment and were capacitated in vitro for 1 h. Sperm were then mixed at a final concentration of 10 6 sperm/ml with cumulus-oocyte complexes (regular in vitro fertilization [IVF]) or oocytes with disrupted zonae (zona drilling). Gamete suspensions were incubated in 100 μl drops of HTF + 4 mg/ml BSA under oil for 4 h at 37
• C with 5% CO 2 and air. Oocytes were then washed with the same medium to remove excess sperm, incubated overnight and transferred to KSOM medium with amino acids (Specialty Media). The fertilization rate was determined by counting the number of two-cell embryos after 24 h. In some experiments, embryos were maintained for longer culture periods to monitor further development. After collecting cauda epididymal sperm in bicarbonate and substrate-free HTF (1 ml/cauda), aliquots were diluted into HTF medium with 25 mM bicarbonate and either 2.78 mM glucose or 0.33 mM pyruvate to achieve a final concentration of ∼2-4 × 10 5 sperm/ml. These samples were incubated at 37
• C under 5% CO 2 and air for 2 h. Sperm motility was assessed at 30-min intervals by computer-assisted sperm analysis (CASA) using a CEROS sperm analysis system (software version 12.3, Hamilton Thorne Biosciences, Beverly, MA) with settings described in our previous studies [40] . At each time point, sperm were mixed gently by swirling and a ∼25 μl aliquot was loaded using a large-bore pipet tip onto a prewarmed 100 μm Leja slide. Sperm tracks were required to contain a minimum of 45 points to be included in the analysis. Motility profiles of these sperm tracks were determined from CEROS-generated .DBT files using CASAnova software [40] . This support vector machines program identifies tracks as progressive, intermediate, hyperactivated, slow, or weakly motile based on five CASA parameters (curvilinear velocity, average path velocity, straight-line velocity, amplitude of lateral head displacement, beat cross frequency).
SDS-PAGE and western blot analysis
Sperm were collected at appropriate time points and pelleted by centrifugation at 800 × g at 4
• C for 10 min, followed by washing with phosphate-buffered saline (PBS, 137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4, pH 7.4) under the same conditions. Sperm pellets were then lysed in SDS sample buffer for 5 min at 95
Lysates from equal numbers of sperm, typically 0.5 to 1 × 10 6 /lane, were loaded onto 4%-15% gradient polyacrylamide gels (BioRad) and resolved by SDS-PAGE. After gel electrophoresis, proteins were electrophoretically transferred to Immobilon-P PVDF membrane (Millipore). Nonspecific protein-binding sites on the membrane were blocked with 4% nonfat dry milk in Tris-buffered saline (TBS: 25 mM Tris-HCl, pH 7.4, 150 mM NaCl). The blots were washed twice for 15 min each with TBST (TBS containing 0.1% Tween 20) and then incubated with primary antibodies (Supplementary Table S1 ). After washing in TBST, the blots were incubated with the appropriate horseradish peroxidase-conjugated secondary antibody (KPL) for 1 h at room temperature. Blots were washed again with TBST and visualized by enhanced chemiluminescence using either ECL (Amersham) or SuperSignal West Pico (Pierce) substrates. Primary antibodies used in this study were mouse antiphosphotyrosine (1:2000; clone 4G10, Millipore), a rabbit antibody to phosphorylated isoforms of serine/threonine protein phosphatase 1 (PP1; 1:1000; #2581, Cell Signaling Technology), and rabbit anti-PP1CC2 (also known as PP1γ 2; 1:6000; generous gift from Dr Srinivasan Vijayaraghavan, Biological Sciences Department, Kent State University, Ohio) [41] , rabbit anti-phospho-(Ser) protein kinase C substrate (1:5000; #2261, Cell Signaling Technology), and rabbit anti-phospho-threonine (1: 1000, #9381, Cell Signaling Technology).
Nuclear magnetic resonance analysis of sperm metabolites
Sperm from the cauda epididymides of wild-type, Gapdhs −/− , and Pgk2 −/− mice were isolated as described previously, except that they were collected for 10 min in PBS (2 ml/mouse). The sperm suspensions from individual mice were centrifuged at 1000 × g for 10 min at room temperature, and each pellet was resuspended in PBS prepared in deuterated water (D 2 O). An aliquot was removed for counting before centrifuging at 15,000 × g for 1 min. After removal of the supernatant, the sperm pellets were frozen at -80
For the extraction of small molecular weight metabolites, the frozen sperm pellets were resuspended in a cold 2:1 mixture of methanol: chloroform (250 μl/pellet). This cell-solvent mixture was sonicated briefly, incubated on ice for 30 min, and sonicated again. A 1:1 chloroform: H 2 O mixture (250 μl/pellet) was added, and the suspension was vortexed to form an emulsion. Samples were then centrifuged at 15,000 × g for 20 min at room temperature. The upper phase (methanol and water) was separated from the organic phase and dried under vacuum overnight. Extracted material was resuspended in 100 mM phosphate buffer pH 7.5, 0.2% NaN 3 , 1 mM trimethylsilylpropanoic acid prepared with D 2 O and subjected to nuclear magnetic resonance (NMR) analysis.
NMR spectra were acquired on a Varian INOVA 700 MHz instrument in the Biomedical NMR Facility at the University of North Carolina at Chapel Hill. All spectra were acquired using 3 mm tubes at 25
• C. The standard Varian preset sequence was used to suppress the residual water peak. NMR spectra were processed in preparation for statistical analysis using a macro written in ACD 1D NMR Processor 11.0.
Statistical analysis
Statistical analyses were performed using GraphPad Prism 5 (GraphPad Software, La Jolla, CA). A minimum of three replicates were performed for each experiment, and results are shown as mean values±SEM. Statistical significance was determined using twotailed, unpaired t-tests. Differences were considered significant if P < 0.05.
Results
Functional similarities during in vitro fertilization
We compared the performance of sperm from Pgk2 −/− and Gapdhs −/− males in multiple steps of the fertilization cascade including sperm binding to the zona pellucida, the acrosome reaction, and IVF. To assess zona binding, sperm were incubated under capacitating conditions for 1 h and then with cumulus cell-free oocytes for an additional 30 min. The number of sperm bound to each oocyte was recorded following extensive washing to remove unbound sperm. Virtually all oocytes incubated with wild-type sperm had at least 11 sperm bound and 80% had >25 sperm bound/oocyte ( Figure 1A ). Although motility defects were more severe in sperm lacking GAPDHS compared to those lacking PGK2, sperm from both knockouts exhibited similar reductions in zona binding. Greater than 75% of oocytes incubated with sperm from either knockout had ≤10 sperm bound/oocyte ( Figure 1A ). The acrosome reaction is a Ca 2+ -dependent exocytotic event that can be induced in vitro with the Ca 2+ ionophore A23187 or solubilized zonae pellucida [42, 43] . Compared to wild-type sperm, sperm lacking either GAPDHS or PGK2 showed no defects in ionophore-induced acrosome reactions ( Figure 1B ). In three experiments, similar percentages of acrosome reaction were also observed for Gapdhs −/− (53 ± 7%) and wild-type sperm (57 ± 5%) when induced with solubilized zonae pellucidae. Fertilization assays were conducted in parallel with either cumulus-oocyte complexes (regular) or cumulus-free oocytes that had small segments of the zona pellucida removed by laser ablation (drilling) (Figure 2 ). In regular IVF assays, sperm from both Gapdhs −/− and Pgk2 −/− mice displayed fertilization rates <10%, . When incubated with sperm from either knockout, each oocyte typically had ≤25 sperm bound. Means for the 0-10 and 11-25 groups were comparable with overlapping SEM for both knockouts. In contrast, most oocytes incubated with wild-type sperm had >25 sperm bound. (B) Sperm were treated with the calcium ionophore A23187 in at least three independent experiments for each genotype. Bars represent mean percentages ± SEM of acrosome-reacted sperm, after subtracting background levels in the DMSO controls.
compared to >50% with wild-type sperm ( Figure 2A ). The fertilization rate was improved by zona drilling in all strains examined, but remained significantly lower for sperm from both knockout strains compared to those of wild-type mice ( Figure 2A) . However, the oocytes that were fertilized by sperm lacking GAPDHS (example shown in Figure 2B ) or PGK2 (not shown) were able to progress beyond the two-cell stage.
Capacitation-dependent tyrosine phosphorylation is absent in GAPDHS −/− and PGK2 −/− mice Protein kinase A-dependent tyrosine phosphorylation of a specific subset of sperm proteins is a molecular signature of capacitation that is correlated with the observed changes in sperm function [26] [27] [28] . Western blotting with a specific anti-phosphotyrosine antibody detected the expected pattern of phosphorylated proteins when wild-type sperm were subjected to in vitro capacitation for 2 h ( Figure 3A) . In contrast, sperm lacking GAPDHS or PGK2 showed no increase in tyrosine phosphorylation when incubated under the same conditions ( Figure 3A ). Cyclic AMP analogs that activate protein kinase A stimulate the same pattern of tyrosine phosphorylation at an accelerated rate [28] . To determine if the protein kinase A signal transduction pathway in sperm from Gapdhs −/− and Pgk2 −/− mice is responsive to capacitation cues, we monitored tyrosine phosphorylation in the presence of a cAMP analog and IBMX, a phosphodiesterase inhibitor. Incubation of wild-type sperm with dbcAMP and IBMX induced the tyrosine phosphorylation after 45 min in capacitating medium ( Figure 3B ). Gapdhs −/− and Pgk2 −/− sperm showed no such capacitation-dependent phosphorylation changes, suggesting that the pathway mediating protein kinase A triggering of tyrosine phosphorylation is unresponsive in these sperm. Despite this deficit, sperm from both knockout models displayed serine and threonine phosphorylation that was comparable to wildtype sperm. Western blotting with a specific antibody detected sim- ilar patterns of serine phosphorylation mediated by protein kinase C ( Figure 4A ) that did not change in the presence of dbcAMP and IBMX. Using an antibody that detects threonine phosphorylation independent of surrounding amino acid sequence, threonine phosphorylation of sperm proteins was also indistinguishable between wild-type and knockout mice and independent of capacitation status ( Figure 4B ). Protein phosphatase 1 phosphorylation is reduced substantially in sperm lacking GAPDHS While sperm from Gapdhs −/− mice show only weak, nonprogressive motility [35, 40] , sperm from Pgk2 −/− mice exhibit some progressive movement [34] . This difference raises the possibility that pathways preceding capacitation-dependent hyperactivation may were isolated from the cauda epididymides into M2 medium. Sperm samples were subjected to SDS-PAGE followed by western blot analysis with an antibody that recognizes phosphorylated isoforms of protein phosphatase 1 (P-PP1). Blots were probed with an antibody specific for PPP1CC2 to confirm that sperm from all three genotypes had comparable amounts of this PP1 isoform. The blots are representative of at least three experiments for each genotype.
vary in these two knockout models. Serine/threonine protein phosphatase 1 (PP1) signaling is important for the modulation of sperm function, including motility. Phosphorylation of sperm PP1 increases during epididymal maturation and is associated with acquiring the capacity for progressive motility [41, 44] . Therefore, we probed western blots of sperm just after isolation from the cauda epididymis with an antibody that reacts with phosphorylated PP1 isoforms. Sperm from Gapdhs −/− mice showed marked reductions in PP1 phosphorylation compared to sperm from Pgk2 −/− or wild-type mice ( Figure 5 ).
PPP1CC2 is the predominant serine/threonine protein phosphatase in sperm [45, 46] . Western blotting with an antibody specific for this isozyme indicated that sperm from Gapdhs −/− , Pgk2 −/− and wildtype mice had comparable levels of PPP1CC2.
Sperm from Gapdhs −/− and Pgk2 −/− mice display alterations in metabolites To assess potential metabolic differences prior to capacitation, we collected sperm from the cauda epididymides of wild-type, Gapdhs −/− , and Pgk2 −/− mice in PBS, washed them free of epididymal fluid, and assessed sperm-associated metabolites by NMR spectroscopy. Carnitine, choline, phosphocholine, and taurine were significantly higher in sperm lacking GAPDHS compared to wildtype sperm ( Figure 6 ). Although metabolite levels appeared more variable in sperm lacking PGK2, mean levels of carnitine were intermediate and significantly different from both wild-type and GAPDHnull sperm. Similar trends were observed for choline and taurine.
Pyruvate as the sole metabolic substrate enhances progressive motility in sperm lacking PGK2
The preceding studies of sperm function were conducted in medium capable of supporting capacitation and fertilization, containing both substrates metabolized by glycolysis (glucose) and substrates metabolized by oxidative phosphorylation in the mitochondria (lactate and pyruvate). Since the initial ATP-consuming portion of the glycolytic pathway remains intact in sperm from both Gapdhs −/− and Pgk2
mice, glucose may contribute to a reduction of the steady-state levels of ATP required to support motility. Therefore, we incubated sperm from wild-type, Gapdhs −/− , and Pgk2 −/− mice in HTF medium containing either glucose or pyruvate as the sole energy substrate and Figure 6 . Several metabolites are elevated in sperm from Gapdhs −/− and Pgk2 −/− mice. Small molecular metabolites were measured by NMR spectroscopy in sperm samples collected from the cauda epididymides into PBS. Bars represent the mean ± SEM for each metabolite in sperm from five wild-type, five Gapdhs −/− , and seven Pgk2 −/− mice. Differences between genotypes were analyzed using two-tailed, unpaired t-tests ( * P < 0.05, * * P < 0.01, * * * P < 0.001).
assessed total motility over a 2-h capacitation period ( Figure 7 ). With either substrate, ∼60% of sperm from wild-type mice were motile throughout the incubation period ( Figure 7A ). With glucose alone, the motility of sperm lacking GAPDHS declined throughout the incubation period to 2% motile by the end of the assay ( Figure  7B ). With pyruvate alone, the motility of GAPDHS-null sperm decreased to ∼20% over the first 30 min and was maintained at this level for the remainder of the incubation ( Figure 7B ). The motility of sperm lacking PGK2 also declined in glucose-containing medium, but remained above 25% throughout the 2-h incubation period (Figure 7C) . With pyruvate as the sole energy substrate, the motility of PGK2-null sperm was significantly better, remaining above 50% ( Figure 7C ). This percentage was near the motile percentage seen in wild-type sperm incubated with pyruvate ( Figure 7A ). We also compared motility profiles using CASAnova [40] , a program that classifies CASA sperm tracks as progressive, intermediate, hyperactivated, slow, or weakly motile (Figure 8 ). Over the 2-h capacitation period in glucose-containing medium, wildtype sperm displayed the expected increases in hyperactivated sperm and in nonvigorous (slow and weakly motile) motility patterns ( Figure 8A ). Wild-type sperm incubated with pyruvate did not show the robust increase in hyperactivation that occurs in the presence of glucose ( Figure 8B ), consistent with the requirement for glycolytic substrates to support hyperactivation [6, 7] . Sperm from Gapdhs −/− mice incubated with glucose or pyruvate as the sole energy substrate exhibited similar motility profiles. In the presence of either substrate, >95% of motile tracks were characterized as nonvigorous throughout the incubation period, and the vast majority of these were classified as weakly motile ( Figure 8A and B) . In contrast, pyruvate induced a shift in the motility profiles of sperm from Pgk2 −/− mice. When metabolizing glucose, >90% of motile sperm were classified as nonvigorous at the initial time point and this trend was maintained throughout the assay ( Figure 8A ). When metabolizing pyruvate, however, the overall motility profile for PGK2-null sperm closely resembled the profile for wild-type sperm ( Figure 8B) . A significantly greater percentage of PGK2-null sperm were progressive at 0 min (37.7 ± 7.2% vs. 6.4 ± 1.7% for glucose, P < 0.001) and at subsequent time points. Small but significant increases in intermediate and hyperactivated sperm motility patterns were also present from 0 to 60 min in comparison to sperm incubated in glucose. These increases in vigorous motility were accompanied by significant reductions in the proportions of sperm exhibiting slow or weakly motile patterns.
Discussion
Although both Gapdhs −/− and Pgk2 −/− mice demonstrate that sperm glycolysis is essential for male fertility, phenotypic defects in these knockout models are distinct and more severe when GAPDHS is absent [34, 35] . This study extended the analysis of sperm lacking GAPDHS or PGK2 and identified additional functional and biochemical differences, underscoring the complexity of interactions between metabolic and signaling pathways that regulate sperm function.
Unlike Gapdhs −/− males, Pgk2 −/− males sire occasional pups [34, 35] . However, standard in vitro assays of multiple steps in the fertilization cascade did not detect differences between sperm lacking GAPDHS or PGK2. In both knockouts, induction of the acrosome reaction with calcium ionophore was indistinguishable from wild-type sperm. Defects in zona binding and fertilization were comparable in both knockouts, even though sperm from Pgk2 −/− mice exhibit some progressive motility that is not seen in sperm from Gapdhs −/− mice. substrates at each time point were analyzed using two-tailed, unpaired t-tests ( * P < 0.05, * * * P < 0.001).
Zona drilling significantly improved IVF rates to ∼30% for sperm from both knockouts, although these rates remained much lower than the ∼75% fertilization rates achieved with wild-type sperm.
Results were similar for sperm lacking lactate dehydrogenase C in IVF experiments with zona-free oocytes [37] . Since oocytes fertilized by sperm lacking any of these glycolytic isozymes developed normally to the four-cell stage and beyond, disruption of sperm glycolysis does not appear to have adverse effects on early development. To assess potential differences in signaling pathways in sperm lacking GAPDHS or PGK2, we first monitored the tyrosine phosphorylation of a distinct subset of sperm proteins that occurs during capacitation [27, 28] . Although it has been reported that glycolysis is required for capacitation-dependent tyrosine phosphorylation, some phosphorylation of these proteins occurred when mouse sperm were incubated with nonglycolysable substrates [30, 47] . However, no increase in tyrosine phosphorylation was observed when sperm lacking GAPDHS or PGK2 were incubated in capacitation medium containing both glycolysable and nonglycolysable substrates. Furthermore, these sperm did not respond to incubation with dbcAMP and IBMX, which promotes tyrosine phosphorylation under normal conditions by stimulating protein kinase A and inhibiting phosphodiesterases [28] . In a similar experiment with rat sperm, dbcAMP and IBMX restored tyrosine phosphorylation that was blocked by α-chlorohydrin, an inhibitor of GAPDHS and sperm glycolysis [48] . These additions should bypass the need for ATP to synthesize cAMP, indicating that low ATP levels are unlikely to be solely responsible for the loss of capacitation-dependent tyrosine phosphorylation in sperm from Gapdhs −/− and Pgk2 −/− mice.
Since sperm lacking GAPDHS or PGK2 exhibit differences in ATP levels and motility immediately after isolation from the cauda epididymis [34, 35] , we assessed some aspects of signaling and metabolism that occur before capacitation. Concomitant with functional changes in the epididymis that enable fertilization, sperm undergo substantial biochemical changes, including altered phosphorylation of numerous proteins [22, 49] . One protein that exhibits increased phosphorylation as sperm transit the epididymis is PPP1CC2, the product of a splice variant with restricted expression in the male germ line [44, 50] . This increase in PPP1CC2 phosphorylation alters interaction with multiple regulatory proteins and is correlated with reduced PPP1CC2 activity and the acquisition of motile capacity [44, 46] . Similarly, PP1 inhibitors stimulate sperm motility [41, 51] . In this study, PP1 phosphorylation was markedly reduced in sperm collected from the cauda epididymis of Gapdh −/− mice compared to sperm from Pgk2 −/− or wild-type mice, perhaps contributing to the more severe deficit in progressive motility observed in sperm lacking GAPDHS [34, 35] . This phosphorylation deficit is interpreted as a reduction in PPP1CC2 phosphorylation, since it is the major PP1 isozyme in mouse sperm [45, 46] . The mechanism by which GAPDHS influences PP1 phosphorylation is currently unknown. It is interesting to note that sperm lacking Akinase anchoring protein 4 (AKAP4), the major constituent of the fibrous sheath, also exhibited reduced PP1 phosphorylation along with increased phosphatase activity [52] . These sperm have poorly developed fibrous sheaths and are predominantly immotile [53] . Unlike PGK2, GAPDHS is tightly bound to the fibrous sheath [19, 54] and sperm lacking this isozyme display a slight increase in spacing between the ribs of the fibrous sheath [35] . AKAP4 and GAPDHS may participate in protein complexes that facilitate PP1 phosphorylation in the principal piece of the sperm flagellum. If so, disruption of these complexes could inhibit PP1 phosphorylation and subsequently alter the signaling cascades that initiate progressive sperm motility. Although sperm achieve the capacity for progressive motility during epididymal maturation [22, 23] , they remain quiescent until ejaculation or dilution in isotonic media. Multiple signal transduction pathways have been implicated in the initial activation of sperm motility [55] [56] [57] [58] . Metabolic changes also occur when motility is activated, increasing ATP production in coordination with greater energy demands [59] . The specific activities of rate-limiting enzymes in the glycolytic pathway increase in both mouse [59] and rat sperm [57] when motility is activated. The observed increase in glycolytic activity in rat sperm occurred without the addition of exogenous substrates, and inhibitors of glycolysis blocked motility activation [57] . Similarly, the deletion of sperm glycolytic enzymes in our knockout models could impair the acquisition of progressive motility.
With NMR spectroscopy, we measured sperm-associated metabolites just after collection from the cauda epididymis into substrate-free PBS. Differences in sperm from Gapdhs −/− , Pgk2 −/− , and wild-type mice at this stage should reflect metabolism during epididymal maturation and motility activation in isotonic medium. Luminal fluid in the cauda epididymis is hyperosmotic, with low levels of glucose and high levels of potassium and several organic solutes including carnitine, inositol, glycerophosphocholine, and taurine [60] [61] [62] . Endogenous substrates can be metabolized by sperm and are sufficient to support motility for some time following simple dilution [21, 55] . Boar sperm collected in PBS maintained relatively high ATP levels for at least 10 h, resulting in the depletion of di-and triglycerides, acetylcarnitine, phospholipids, and glycerolphosphocholine, and the accumulation of choline, acetate, phosphocholine, and phosphoethanolamine [21] . Similar metabolites detected in our study suggest that mouse sperm also metabolize endogenous lipids in the epididymis and/or within minutes of initiating motility. Carnitine, choline, phosphocholine, and the β-amino acid taurine were significantly higher in sperm lacking GAPDHS compared to wildtype sperm. Mean values for these metabolites were elevated, but more variable, in sperm lacking PGK2. Carnitine levels exhibited the greatest difference between genotypes, with mean values 6.8-fold higher in GAPDHS-null sperm compared to wild-type sperm. Mean values for PGK2-null were intermediate and significantly different from wild-type and GAPDHSnull sperm. The concentration of carnitine in epididymal fluid increases along the length of this duct [63, 64] roughly correlated with sperm acquiring the capacity for progressive motility [65] . The carnitine/organic cation transporters SLC22A5 and SLC22A21 (also known as OCTN2 and OCTN3, respectively) are localized in the mouse sperm flagellum, where they mediate uptake of both carnitine and acetylcarnitine [66] . Transport via SLC22A21 in the midpiece is likely to facilitate lipid metabolism since carnitine is required for translocating fatty acids into mitochondria for β-oxidation [64, 66] . SLC22A5 is localized in the principal piece [66] where glycolysis is compartmentalized. The sperm acetylcarnitine: carnitine ratio increases when pyruvate and lactate, the products of glycolysis, are added to the medium [67, 68] , and this ratio is typically higher in sperm that are motile [64, 69] . Sperm carnitine acetyltransferase regulates this ratio by converting carnitine + acetyl CoA to acetylcarnitine + CoA [70] . Thus, sperm have the capacity to store excess acetyl groups as acetylcarnitine [64] , a property shared with skeletal muscle [71] . It is interesting to note that components of the pyruvate dehydrogenase complex are present in the principal piece of mouse sperm [72, 73] , enabling the conversion of pyruvate to acetyl CoA outside the midpiece mitochondria. Sperm lacking GAPDHS should produce no pyruvate via glycolysis, limiting one source for the production of acetyl CoA. Reduction of acetyl CoA would limit carnitine acetyltransferase activity, perhaps contributing to the very high levels of carnitine we observed in sperm from Gapdhs −/− mice.
In contrast, sperm from Pgk2 −/− mice may produce some pyruvate since acylphosphatase activity provides a potential bypass of the PGK2 step in glycolysis without ATP synthesis [34] . The intermediate levels of carnitine observed in sperm lacking PGK2 are consistent with this hypothesis. Like carnitine, choline and taurine are organic osmolytes that have significantly higher mean concentrations in sperm from Gapdhs −/− mice compared with wild-type sperm, with intermediate levels in sperm from Pgk2 −/− mice. Organic osmolytes are coordinately regulated in renal medullary cells to modulate cell volume in response to changes in tonicity [74] . Similar processes are likely to be important for volume regulation in sperm since they are exposed to increasing osmolality during epididymal transit, followed by a marked reduction in osmolality in the female tract [62] or during motility activation in isotonic medium. The elevation of multiple osmolytes in sperm from Gapdhs −/− and Pgk2 −/− mice could have functional consequences. For example, taurine regulates a wide range of physiological properties, often in association with changes in ion transport or protein phosphorylation [75] . It is also interesting to note that mice lacking choline dehydrogenase exhibit male infertility, with defects in sperm mitochondria, ATP levels, and motility [76] . Although this study did not measure choline metabolites in sperm, both choline and phosphocholine were elevated in the testis. Our analysis of sperm metabolism indicates that deletion GAPDHS or PGK2 exerts differential effects on multiple pathways prior to capacitation.
Further analysis of motility with either glycolysable or nonglycolysable substrates revealed striking differences between sperm lacking GAPDHS and PGK2. Compared to incubation in HTF medium or glucose alone, sperm from either knockout exhibited a higher motile percentage when incubated with pyruvate as the sole substrate. Utilization of this nonglycolysable substrate should reduce futile energy consumption in the initial ATP-consuming phase of the glycolytic pathway, which is intact in both knockouts. The motility of PGK2-null sperm improved substantially with pyruvate, approaching wild-type percentages and patterns of motility throughout in vitro capacitation. In contrast, ∼20% of GAPDHS-null sperm that remained motile with pyruvate were nearly all were classified as weakly motile, comparable to the poor motility patterns seen when incubated with glucose. Our studies indicate that the inability of pyruvate to rescue progressive motility in GAPDHS-null sperm may be related to multiple deficiencies, including subtle ultrastructural defects in the fibrous sheath [35] , marked reduction in PP1 phosphorylation during epididymal maturation, and significant elevations of multiple metabolites compared to wild-type sperm. These analyses confirm that glycolysis is required for hyperactivation and provide additional clues regarding metabolic and signaling interactions required for the initiation and maintenance of robust progressive motility.
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